Optimal diameter growth equations for 60 major tree species werefit using the potential relative increment (PRI) 
D.iameter increment equations are cornerstones of many
forest models. However, the quality and usefulness of these functions has been inconsistent. Theoretical designs (e.g., Botkin et al. 1972 , Pacala et al. 1996 are ecologically appealing but rarely empirically based. In addition, some increment designs are physiologically constrained to fit a particular set of assumptions that do not readily translate to real-world situations (Moore 1989 , Bragg 2001 ). Statistically based models like the Forest Vegetation Simulator (Wykoff et al. 1982) predict growth based on a predefined set of environmental conditions. This growth model style is rigidly limited to the variables included and therefore may suffer from errors of omission. Others have fit curves to realized diameter increment without considering the factors influencing performance (Zeide 1993) . This approach usually combines a theoretical design with inventory data, but the factors responsible for deviations from optimal growth are unknown. While workable, all of the aforementioned increment models lack either reasonable ecological assumptions or the ability to reflect environmental uncertainty over time (see Bragg 2001) . A procedure that combines the fitting of a model to inventory data with a strong, biologically-founded growth response would seem to represent an ideal compromise.
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The potential relative increment (PRI) approach balances the use of empirical data to predict growth with ecologically robust assumptions (Bragg 2001) . The PRI methodology fits a combined power/exponential function to maximal increment data gathered from a large public database. However, the technique is simple enough that any inventory containing information on species, beginning and ending diameters, and remeasurement interval could be utilized. The objective of this paper is to provide optimal diameter growth models for 60 major tree species of the Midsouth region (Arkansas, Louisiana, Missouri, Oklahoma, and Texas) of the United States.
Methods
This section will only briefly review the PRI process since greater detail on the assumptions and behavior of the PRI methodology can be found in Bragg (2001) . While the information necessary to derive PRI equations can be taken from virtually any inventory, this effort used the Eastwide Forest Inventory Database (EFIDB) described by Hansen et al. (1992) . The EFIDB consists of the computerized records of the periodic Forest Inventory and Analysis (FIA) program of the USDA Forest Service. The original 0.4 ha FIA plots were established on a systematic grid (approximately one plot every 5 km) across most of the United States (note that the new annualized FIA system has redesigned plot size and layout). These plots are rigorously sampled by trained field crews held to high accuracy standards and subjected to periodic quality control checks. The advantages to using this database include the extent, consistency, quality, detail, and availability of the information. However, the FIA emphasis on commercial tree species results in some minor or exotic species not being represented or getting combined with similar taxa.
Inventory records for Arkansas (last surveyed in 1995), Louisiana (1991 ), Missouri (1989 ), Oklahoma (1993 ), and Texas (1992 were downloaded from the EFIDB web site and the necessary data on 60 common species (Table 1) were extracted using a DOS program written by the author. Individual tree records were selected for analysis if the tree was: (1) of the desired species; (2) alive in the most recent inventory; and (3) had a periodic diameter increment greater than 0 cm. While the PRI software makes it possible to further segregate into stands of natural versus planted origin (to distinguish potentially improved stock or very favorable growing conditions), only loblolly pine (Pinus tuedu L.) was separated for this study.
The raw inventory information extracted from each state database was sorted and written to an ASCII file. Actual relative increment (ARZ) was then determined for each tree record:
where the relative increment is based on the most recently measured diameter at breast height (dbh), the original dbh (DBZ!$), P is the period (in years) over which results are forecast (e.g., for annual increment, P = l), and t is the inventory remeasurement interval (in years, t 2 1.0). After this, each state's data were combined with the other state inventories into a pooled file, and then refiltered by another program to select the highest AR1 values (PRI) by 2 cm dbh class for each species (Figure 1 ). This subset of maximal AR1 values is assumed in the PRI methodology to represent the individual trees growing under the most favorable conditions present in the inventory. Combined with the considerable spatial extent and typically large size of the samples, this assumption produces a conservative estimate of optimal growth performance (Bragg 2001) . Nonlinear ordinary least squares PRI models were fit to the following design:
where D,,, is the dbh for the trees with maximum AR1 within each 2 cm diameter class, and b,, b,, and b, are species-specific regression coefficients. Those individuals that did not realize maximum size class growth (i.e., did not fall along the optimal performance horizon) or were identified as outliers (probably resulting from measurement or transcription errors) were removed, and the model refined until the "best" subset was chosen (see Bragg (2001) for details). While developing a best subset is a partially subjective process, since the goal was to fit an idealized response curve to a biologically intuitive relationship between tree size and growth potential, some bias was unavoidable. However, the elimination of records accruing at a lower level than expected given adjacent diameter class performance or for obviously incorrect growth under known circumstances helped to maintain the integrity of the desired optimal growth model while retaining reasonable predictions (Bragg 2001 ).
After the model parameters were obtained, predicted optimal increment (I,) was calculated by substituting tree dbh for D,,, in Equation (2) and multiplying by current tree diameter:
Equation (3) generates realized diameter increment when modifier function(s) are used to adjust for growth favorability. This approach is commonly used in ecological models and enjoys considerable flexibility since any environmental quality function(s) can be used to constrain growth. However, no specific qualifiers are presented in this article to encourage users to develop their own based on their particular need and perspective of what factors are important.
A key advantage to the PRI methodology is that it does not rely on tree age to determine optimal growth performance. While tree age is highly correlated to diameter (and thus potential increment) for shade intolerant species, the relationship is much weaker for shade tolerant species, especially in mature stands (e.g., Gates and Nichols 1930) . Furthermore, age is a time-consuming and often difficult variable to measure and thus is usually not available in large inventories like the EFIDB. However, if age is deemed too valuable to leave out of the increment calculation, it should be possible to include age as an additional variable in the modifier function(s).
Results and Discussion
Almost 175,000 individuals from the 60 chosen species in the five-state inventory pool were identified as usable, with some taxa better represented than others (Table 1) . Five species [loblolly pine (n = 37,667) shortleaf pine (n = 17,114), post oak (n = 13,308), white oak (n = 13,085), and sweetgum (n = 12,250)] comprised 53.4% of the total sample. Nine species had fewer than 200 individuals, while shellbark hickory had just 97 representatives. While sample sizes less than 100 are usually discouraged for the PRI methodology (D.C. Bragg, unpublished manuscript), this may arise for some taxa because of their scarcity. Since almost half of the species exceeded 1,000 trees, and 25% had more than 3,000 individuals, the optimal growth equations presented in this study should provide reliable estimates of potential growth.
The extensive EFIDB survey also yielded broad diameter distributions for most taxa. Trees as small as 2.8 cm dbh were available for most species (Table 1) . Average dbh typically ranged from 15 to 30 cm, with maximum dbh exceeding 90 cm for more than half of the species in this survey. While no species reached their maximum possible diameter in this study, some very large trees were encountered (the final tallies included a 183.1 cm dbh sycamore and a 250.2 cm dbh baldcypress). Most individuals fell into small to moderate (< 50 cm dbh) diameter classes.
Regression coefficients and final sample size are reported in Table 2 . While at least 5 final sample points has been recommended for fitting the PRI equations (D.C. Bragg, unpublished manuscript), this may be unavoidable for some species. Indeed, black locust only had three final points, resulting in a perfect fit (interpolation) given the three parameter PRI design. Since a very small fraction (usually much less than 10%) of initial records were used to fit the optimal growth equations, the proportion of the variance explained by the equations was quite high. In fact, traditional measures of model quality (e.g., fit indices, standard errors of parameter estimates, confidence intervals) are of limited utility with the PRI methodology because the final subset of points used to define optimal growth so closely matched the fitted curve.
Optimal growth performance predicted by the PRI methodology generally produces a skewed modal response, with highest relative increment coming at the smallest diameters and maximum optimal diameter increment appearing at moderate (10 to 30 cm) diameters. Figure 2 presents sugarberry as an example of optimal performance. Note that the highest PRI value occurred at the smallest dbh (dashed line), but that optimal growth did not peak until 20 to 25 cm dbh. The PRI model predicts that large sugarberry trees can add 0.75 cm in diameter per year at 120 cm dbh, which, while substantial, still represents a conservative estimate of potential increment.
Potential Applications
The original application of these optimal increment equations was to support the development of ecologically based growth models. Even though most ecological simulators have been used for research rather than forest management, this does not imply that increment models containing optimal growth equations could not be adapted operationally. If properly designed modifier functions are developed, then systems could be engineered to assess site potential or yield performance. For example, if a landform or soil type was known to have certain characteristics, then treatments intended to alter performance could be modeled from the differences in potential and realized increment.
While this article presented optimal growth models for an existing database, it is possible to adapt the PRI methodology to improve the assessment and management of growth on commercial timberlands with other inventories, even if the range of environmental conditions from which to sample is narrow. The PRI approach lends itself well to landowners with extensive, long-term surveys for which specific trees have been tracked for years. Individuals performing at the highest rates can be used as benchmarks for evaluating different seed sources, genetic improvements, silvicultural treatments, or site conditions. Variation in PRI model response curves can also be applied to the interpretation of what species may perform the best in natural stands, which may be especially important when the differences in production and revenue between taxa are pronounced. Figure 3 highlights the distinctions between PRI models developed exclusively for natural stands of loblolly pine, loblolly pine plantations, and a pooled model (natural + planted loblollies). PRI models indicate that the magnitude of loblolly pine growth potential for the Midsouth region was virtually indistinguishable between natural stands and plantations (although the average potential would not be as similar). However, the timing of maximum growth appeared to differ, with plantations peaking at smaller diameters than natural stands (-10 cm for plantations, -20 cm in natural stands). Natural forests considerably outperformed plantations in older stands, but this inconsistency is at least partially an artifact of limited data on older plantations. Such knowledge can help users evaluate what types of stand origins are optimized for immediate fiber yield versus long-term productivity. For example, the PRI methodology could identify possible trade-offs between early and late growth performance over a species' lifespan. If sufficient controls on local environmental conditions are implemented and the stands are tracked for an equally long duration, then the variation suggested in Figure 3 may arise from physiological alterations in the timing of tree growth. This, in turn, could have long-term repercussions on market-oriented fiber production or carbon storage.
Conclusions
Potential relative increment has promise as a means to estimate tree optimal diameter growth. While sample size issues are a concern (even when using a large database like EFIDB), supplemental measurements and other inventories can be added to increase the reliability of the information. Even without additional resources, the data provided from EFIDB are often more spatially extensive (especially when multiple states are pooled), cover greater environmental variability, and use more individuals across a wider range of size classes than other efforts. The optimal diameter increment models fit to the sixty species in this study followed growth trends noticed for species in other parts of the country (Bragg 2001 ). The PRI methodology should be adaptable to other species and geographic regions with the same degree of success if reliable inventory information is available. 
